SUMMARY Over the past decade interest in and knowledge about the role of platelets in the haemostatic process and in various pathological conditions has continued to grow. The scope of laboratory methodology to investigate platelet function in clinical haemorrhagic and thrombotic disorders in the specialised haemostasis unit has also proportionally widened. After highlighting the physiological processes of the role of platelets in the haemostatic mechanism this brief review comments critically on the available routine techniques used to study platelet function in patients who present primarily with a bleeding tendency.
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Physiology of platelet function in haemostasis
Haemostatic reactions can be classified into several overlapping and sequential events: localised vasoconstriction at the site of vessel injury: platelet adhesion to exposed subendothelial basement membrane and collagen fibres; formation of a platelet aggregate or plug; activation of the coagulation cascade leading to formation of fibrin, which reinforces the platelet plug; and finally, activation of the fibrinolytic system, which digests the haemostatic plug and allows growth of new vascular endothelial cells to complete the repair process.' Platelets circulate as non-nucleated discs and consist of a trilaminar phospholipoprotein membrane with submembrane circumferential contractile filaments, three types of granules, and an irregular internal network of canaliculi, through which the granule contents can be released on to the platelet surface. 2 The granule types are: dense granules which release adenosine diphosphate (ADP), adenosine triphosphate (ATP), serotonin, and calcium ions; a granules whose release constituents include platelet derived growth factor, platelet factor 4 with heparin neutralising ability, fi thromboglobulin, factor VIII related antigen/von Willebrand factor; factor V, fibrinogen, fibronectin, and probably thrombospondin; and lysosomal granules. Table 1 summarises the subsequent interactions with circulating platelets, which occur after damage to the vessel wall. When the vessel wall is damaged Accepted for publication 3 March 1986 subendothelial structures, including basement membrane collagen and microfibrils, are exposed. Circulating platelets react with exposed collagen fibres, and their adherence to the damaged surface is mediated by high molecular weight multimers of the factor VIII von Willebrand factor and probably fibronectin. Details of the structure and physiological importance of von Willebrand factor have been reviewed extensively elsewhere.3
When activated, platelets immediately change shape, losing their discoid shape, and form tiny spheres with numerous projecting pseudopods. After adhesion of a single layer of platelets to the damaged vascular endothelium platelets stick to one another and form aggregates. Certain substances react with specific platelet membrane surface receptors and ini- Yardumian, Mackie, Machin tiate platelet aggregation and further activation. These include exposed collagen fibres, ADP, adrenaline, serotonin, thrombin, and certain arachidonic acid metabolites, including thromboxane IA2 (TXA2) Human platelet aggregation may occur by at least two and possibly three independent but related pathways (Fig. 1) . The first pathway of activation entails arachidonic acid metabolism.5 Activation of phospholipase enzymes releases free arachidonic acid from the membrane phospholipids. Roughly 50% of free arachidonic acid is converted by a lipoxygenase enzyme to a series of products including various Laboratory investigation ofplatelet function leucotrienes, which probably have only a small role in the control of haemostasis, being more important as chemoattractants of white cells.6 The remaining arachidonic acid is converted by the enzyme cyclooxygenase into the cyclic endoperoxides PGG2 and PGH2, which are very labile. Most of the endoperoxides are then rapidly converted by the thromboxane synthetase enzyme complex into TXA2. TXA2 has profound biological activity causing platelet granule release and local vasoconstriction, and after release stimulates other platelets to aggregate locally. It exerts these effects by raising intracytoplasmic free calcium ion concentrations and binding to specific granule receptors. TXA2 is a very labile product with a half life in vivo of about 45 seconds before it is degraded into the inactive compounds thromboxane B2 (TXB2) and malondialdehyde. A small proportion of the cyclic endoperoxides are converted to the primary prostaglandins PGE2, PGD2, and PGF2.
The second pathway of platelet activation can proceed completely independently of arachidonic acid metabolism and thromboxane A2 generation. Various platelet activators including thrombin and collagen produce a sufficiently brisk increase in the amount of free cytoplasmic calcium to cause directly the release reaction, bypassing the mediation of the arachidonic acid cascade.7 Calcium is released from the dense tubular system and influxes from the external medium, and this free calcium forms a complex with calmodulin; the calcium-calmodulin complex acts as a coenzyme in a series of platelet reactions. It initiates granule release, liberates arachidonic acid from the membrane phospholipids, making it available for conversion into thromboxane A2, and activates the actomyosin contractile system of filaments beneath the platelet membrane.
The third pathway entails the release of a lysolecithin compound called PAF (platelet activating factor) from the platelet membrane phospholipids and this seems to be able to activate platelets independently of thromboxane A2 generation and calcium release.8 The actual importance of PAF activation of platelets in man has not yet been fully determined.
The aggregating platelets align together into, initially, a rather loose reversible aggregate, but after the release reaction of the platelet granules a larger, interdigitating, irreversible plug is formed. Changes in the platelet membrane configuration now occur, entailing a "flip-flop" rearrangement of the membrane surface: the coagulant active negatively charged phospholipids, phosphatidylserine and phosphatidylinositol, which are concentrated on the inner half of the phospholipid layer, become exposed on the outer surface of the activated platelet.9 Platelets do not normally adhere to undamaged 703 endothelial cells, and over the past decade it has been shown that vascular endothelium has an important role in the control of the haemostatic process.'°E ndothelial cells synthesise prostacyclin from arachidonic acid, which, when released into the circulation, causes local vasodilation and is the most potent known natural inhibitor of platelet adhesion and aggregation.'1 Prostacyclin probably does not circulate in biological quantities, but it is released locally when the vessel wall is stressed or injured, thus controlling any excessive platelet activation. When it binds to specific platelet membrane receptors it activates membrane bound adenylate cyclase, which produces increased levels of cyclic adenosine-5'-monophosphate (cAMP). This inhibits platelet aggregation by inhibiting arachidonic acid metabolism and internal calcium flux. The vascular endothelial cell also synthesises and stores prostaglandin E1, factor VIII related antigen/von Willebrand factor, fibronectin, and a heparin like material, which also influences the control of platelet activation.
Initial screening tests for a platelet defect
The peripheral platelet count and the skin bleeding time are the first line basic laboratory tests of platelet function. If these two tests are within normal limits it is unlikely that a clinically important platelet defect is responsible for excessive clinical bleeding. Automated cell counters are now widely available, and these count platelets quickly and reliably. They also provide an assessment of mean platelet volume, total platelet crit, and a distribution graph of platelet size. The interpretation of these variables has recently been reviewed,'2 but their clinical importance is doubtful. Additional information may be gained by inspecting a fresh blood film, which may show abnormalities of platelet size or morphology, and these can be of diagnostic importance.
There are several methods for performing a bleeding time test (Ivy, Duke, and template methods), all of which rely on the time taken for a standard skin incision, breaking small subcutaneous vessels, to stop bleeding. '3 The reproducibility, however, is very variable and depends on several factors, including operator experience, skin temperature, venous pressure, direction, and length and depth of incision. The template technique, using a disposable spring loaded device (such as Simplate II, General Diagnostics), standardises at least the last three variables and should give reasonably comparable results for clinical use. It is important that each laboratory establishes a normal range for the exact method used, as a recent survey of British laboratories reported a great deal of variation in the normal range, even when a template technique was used.'4
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A prolonged bleeding time occurs when the platelet count falls below roughly 100 x 109/1, and there is a progressive increase as the platelet count falls below this.15 If the platelet count is normal or raised a prolonged bleeding time suggests one of the many congenital or acquired qualitative disorders of platelet function.'6 17 Other non-platelet haemostatic disorders, which may prolong the bleeding time, are vascular abnormalities, particularly if they entail skin collagen defects, von Willebrand's disease, afibrinogenaemia, dysproteinemias, severe anaemia with a haematocrit less than 0-20, and conditions in which the vessel wall may produce increased amounts of prostacyclin like material-such as chronic renal failure.
If such screening procedures suggest a platelet functional disorder, or if there is a high degree of clinical suspicion despite a normal bleeding time, further tests should be planned in a systematic way. Drugs and certain dietary practices are the commonest causes of platelet dysfunction, and patients must refrain from taking drugs with known antiplatelet effects for seven to 10 days before blood sampling for more specific investigation of function. Yardumian, Mackie, Machin whole blood passing over an everted segment of rabbit aorta, with a denuded endothelial surface in a continuous flow circuit at 37°C. The extent of platelet adhesion is then assessed by light microscopy of the aortic surface and quantitation of adhesion can be measured if indium-radiolabelled platelets are used in the flow circuit. The shear rate over the vessel surface can be changed to mimic in vivo conditions in different sized blood vessels. Because this technique is expensive, time consuming, and technically difficult, however, it should be used only for specific research purposes.
The most widely adopted diagnostic adhesion test measures platelet retention after a single passage of whole blood through a glass bead column. Attempts to standardise this test have used glass beads of a constant size packed in a tube of fixed diameter and length (which are commercially available), with a steady infusion rate of non-anticoagulated whole blood directly from an arm vein, using an evacuated system. The percentage platelet retention in the column is calculated from a pre-column and post column infusion platelet count. Despite all these precautions the results are extremely variable, and decreased glass bead retention of platelets is not only found in platelet adhesion defects. It has subsequently been shown that retention also depends on plasma von Willebrand factor (factor VIII:vWF) activity, fibrinogen coating the glass bead surface, and on platelet aggregation, which is promoted by local release of ADP from haemolysed red cells in the column. Because of this lack of specificity, these tests are not widely used.
Platelet aggregation
Studies of platelet aggregation are mandatory in anyone suspected of having a platelet function defect, particularly in patients with a prolonged or borderline bleeding time. These tests are routinely performed on platelet rich plasma, although techniques using whole blood have recently been developed.
TURBIDOMETRIC TECHNIQUE
Platelet rich plasma is prepared from citrated whole blood (usually 1:10, 3-13% trisodium citrate:blood) by centrifugation at about 180 x g for 10 minutes. The standard method utilises an optical aggregometer and is based on the turbidometric method of Born.20 This works on the principle that when platelets are in a suspension aggregate the turbidity of the suspension falls, and light transmission through it increases proportionally. Most workers dilute the platelet rich plasma to a final platelet count of 200-300 x 109/l with autologous platelet poor plasma. It is important to standardise testing of aggregation, and ideally this should be performed one to three hours after collection of the blood. Aliquots of the diluted suspension are placed in a glass cuvette in an aggregometer, positioned in a heating block kept at 37°C, and continuously stirred by means of a small metal stir bar in each cuvette and a rotating magnet in the aggregometer beneath. The turbidity of the suspension is constantly measured by recording transmission of a light beam directed through it, and it is recorded as a change in voltage on a chart recorder. As platelets aggregate in response to an added agonist, light transmission increases progressively, producing an "aggregation trace" on the recorder. The machine is calibrated for each sample so that the platelet suspension to be studied reads 5%-that is, minimum transmission-and the corresponding platelet poor plasma reads 95% (maximum transmission). Fig. 2 (Table 2) , which inhibit the enzyme cyclo-oxygenase and therefore block the platelet prostaglandin pathway, show this abnormality. This is the commonest cause of a platelet aggregation abnormality. 2 Recent or regular ingestion of large quantities of alcohol also impairs the secondary aggregation response.
3 Several congenital abnormalities, including cyclooxygenase deficiency, thromboxane synthetase deficiency, a thromboxane A2 receptor abnormality, or a deficiency of the platelet granular contents, or defective release, will cause abnormal ADP induced aggregation. The most common of these is storage pool disease in which a or dense body granules, or both, are deficient, or their release mechanism is abnormal. Mild forms of storage pool disease may, however, have normal aggregation responses and can only be diagnosed by electron microscopy and measurement of specific granule release products after platelet stimulation.
Collagen
The physiological importance of platelet activation by collagen is evident, as the damaged vascular endothelial surface exposes subendothelial collagen fibres, initiating in vivo platelet activation. Platelets probably respond specifically to type III collagen, and this reaction depends on its primary and quaternary structure being intact. The mechanism of collagen interaction with the platelet membrane remains unclear, and binding to a specific membrane receptor has not been confirmed. The aggregation response to collagen in vitro is preceded by a short "lag phase" (Fig. 2 ) lasting for about 10 to 60 seconds, whose duration is inversely proportional to the concentration of the reagent used or the responsiveness of the platelets under study. Measurement of the length of the lag phase in response to given doses of collagen is important in the assessment of platelet responses to this agonist. This phase is succeeded by a single wave of aggregation. The major pathway of platelet activation by collagen is via the platelet prostaglandin pathway, with formation of thromboxane A2 from membrane phos- Adrenaline Platelets have roughly 100 U2 receptors on each cell surface, and on binding to these adrenaline can promote aggregation. It is a weak agonist, and its chief physiological role is probably to act synergistically with other stronger activators. Thus subthreshold doses of ADP or collagen, which are themselves insufficient to cause platelet aggregation, may do so in the presence of a small "priming" dose of adrenaline. 25 The platelet response to adrenaline is unusual in that there is no shape change preceding aggregation, but thereafter the response resembles that to ADP. Fibrinogen receptors are exposed initially, and a primary and secondary wave follows. The secondary wave is impaired in similar circumstances for both agents. Adrenaline is usually used at final concentrations of 1-10 gm.
Some clinically normal subjects have been reported as having severely reduced platelet responsiveness to adrenaline.26 In vitro aggregation responses to collagen and vasopressin may also be impaired. These findings may reflect a defect in cytosolic calcium mobilisation.
It should be noted that for adrenaline, and probably for collagen too, if platelet rich plasma is allowed to stand at room temperature for some time it becomes serially more responsive to these agonists.27 This change occurs over the first 30 minutes and then declines over the next 30 minutes. Caution must therefore be exercised when comparing results from studies in which this variable has not been standardised. Ideally, for maximum reproducibility, platelet rich plasma platelet aggregation studies should be carried out between one and three hours after the blood has been collected. Thrombin Studies of platelet activation by thrombin must be performed on washed platelet suspensions, as fibrinogen present in platelet rich plasma will cause rapid formation of a fibrin clot when exposed to thrombin, with consequent masking of any platelet responses.
Thrombin is a very powerful activator of platelet aggregation. It causes an immediate and profound rise in intraplatelet calcium concentrations and can directly activate the release reaction, independently of thromboxane A2 generation. In lower doses, however, the arachidonic acid pathway and release of granular contents do contribute to the resulting aggregation.
It more potently activates washed platelets suspended in buffer than those suspended in platelet rich plasma, probably because of the removal of natural thrombin inhibitors present in plasma-mainly, antithrombin III and a2-macroglobulin. The dose range usually used is a final concentration of 0 1-0-5 u/ml. The importance of specific defects in PAF induced aggregation alone are not clearly defined, and whether this constitutes an independent third pathway in human platelet activation remains unclear.
WHOLE BLOOD AGGREGATION
There are several theoretical disadvantages in the study of platelet function by the standard turbidometric method that uses platelet rich plasma. These include sample preparation by centrifugation, which removes the other cellular elements and a proportion of the heavier platelets from the final sample. Red and white cells may influence platelet aggregation, and the timing of sample preparation allows certain labile modulators of platelet function to lose their biological activity in standard aggregation studies.
To circumvent these problems platelet aggregation has recently been studied by means of whole blood aggregation techniques. Two main systems are available; impedance aggregometry29 and a method using a whole blood platelet counter.30 The impedance technique measures the progressive increase of electrical impedance between two electrodes as platelets adhere and aggregate to these electrodes in stirred whole blood. The other method uses a platelet counter: after an aggregating agent has been added to stirred whole blood the number of single free platelets are counted in subsamples taken at regular intervals. The percentage fall in the free platelet count gives an assessment of platelet aggregation.
Both these methods have been used mainly for research investigations, and their diagnostic advantages over the standard turbidometric technique are probably limited. The impedance method is very slow, requires standardisation of the haematocrit, and often very high non-physiological concentrations of aggregating agonists. Both techniques, however, permit more reliable study of thrombopenic samples with platelet counts as low as 50 x 109/l and assessment of certain antiplatelet drugs, such as dipyridamole, which only inhibits aggregation in whole blood,3' and prostacyclin which has a short ex vivo half life.
Assessment of granular content and the release reaction
Inside platelets are three main forms of storage granules: a granules, dense bodies, and lysosomes. Platelet Laboratory investigation ofplatelet function ultrastructure can be studied by transmission electron microscopy and in particular, the various types of granules can be visualised and their morphological changes observed during aggregation and granule release. Electron microscopy, in particular, is useful for diagnosing storage pool disease, grey platelet syndrome, and associated disorders of mixed organelle deficiency in which absent or decreased numbers of granules can be assessed.
DENSE BODIES
The dense bodies are the storage site for the nonmetabolic pool of adenine nucleotides, serotonin, and calcium. Nucleotides and serotonin can be readily measured and their release after platelet stimulation assessed. Methods for measuring intraplatelet calcium concentrations and flux have recently become available, but it is impossible at present to distinguish between dense body calcium release and other calcium fluxes following platelet activation. Serotonin release On incubation, radiolabelled '4C-serotonin is taken up by platelets and equilibrates with endogenous dense granule serotonin. The labelled platelets can then be stimulated and the released radiolabelled '4C-serotonin measured in the supernatant at various time intervals.34 To prevent reuptake of released serotonin imipramine must be added to the test system. As the absolute amount of serotonin in normal platelets is rather variable a normal laboratory range must be established for each agonist.
Alpha granules
The a granules contain several specific proteins and coagulation factors, and after platelet activation these granules release their contents. Release of a granules requires less powerful stimulation of the cells than release of dense granules, so that there can be evidence of a degranulation with the dense granules remaining intact. These platelets can still be further stimulated and go on to release their dense granular contents. Three storage proteins-namely, platelet factor 4 (PF4), ,B-thromboglobulin (1-TG), and platelet derived growth factor (PDGF or mitogenic factor) are platelet specific and are therefore useful in assessing minor degrees of platelet activation.
PLATELET FACTOR 4 AND fl-THROMBOGLOBULIN Platelet factor 4 is a protein with a molecular weight of 35000, comprising four identical subunits each with a molecular weight of about 8000. It is released bound to a proteoglycan carrier molecule. Vascular endothelial cells synthesise and release heparin sulphate, which catalyses the neutralisation of thrombin by antithrombin III when the haemostatic system is locally activated. PF4 readily binds to heparin and similar substances on the endothelial surface and can therefore delay thrombin neutralisation after platelet release. In vitro it is also chemotactic for monocytes and neutrophils, inhibits the activity of skin and leucocyte collagenases, and has various other reported activities of uncertain biological importance. It has a half life of roughly two minutes, the rapid clearance possibly reflecting its binding to endothelial cells: PF4 is not excreted to any appreciable degree by the kidney. The normal range in plasma-as measured by radioimmunoassay-is 2-20 ng/ml, whereas the unstimulated platelet content is about 18 mg/109 platelets. Plasma concentrations are falsely increased during treatment with heparin, probably due to displacement of bound PF4 from endothelial cell binding sites. 710 weight of about 36 000. It is released from platelets as "low affinity PF4." Removal of some terminal amino acids of the subunits in the circulation releases 0-TG. 1-TG also binds to vascular endothelium and has been reported to inhibit production of prostacyclin.
The half life of 1-TG, however, is considerably longer than that of PF4-about 100 minutes with an initial phase of excretion of nine minutes. I-TG has a wide normal range in plasma: 7-50 ng/ml, with an average platelet content of 17 7 mg/109 platelets. As 0-TG is catabolised by the kidney, impaired renal function will produce increased plasma concentrations, which are not indicative of excessive in vivo platelet activation.
Several commercial kits are available for radioimmunoassay of these two proteins in plasma, but the techniques entailed pose some difficulties if the results are to be reproducible.35 Of particular importance is the method of sample collection, as any activation of platelets at this time induces secretion and falsely raises the final assay result. The sample should be taken without venous stasis into a chilled syringe after discarding the first 5 ml of blood collected. It should then be transferred immediately to a plastic or siliconised tube on melting ice, containing a mixture of inhibitors to minimise in vitro release. The mixture commonly includes edetic acid, theophylline, and sometimes also an inhibitory prostaglandin, PGE1. The sample can briefly be kept on ice, but as soon as possible must be cold spun at 4°C for 10 minutes at 3000 g and the top 1 ml of supernatant stored at -50°C until assay.
When renal failure occurs PF4 is the more reliable indicator of in vivo release, whereas during treatment with heparin p-TG will give more reliable results. In general, however, the best measure of in vivo (as opposed to in vitro) release can be obtained from simultaneous assay of both proteins. Because of the more rapid clearance of PF4 from the circulation, and because during release the two are released in parallel in virtually similar amounts, genuine in vivo granule release is reflected by a higher f-TG than PF4 value. If in vitro activation has occurred for example, during sample collection the plasma PF4 value will approach that of ,-TG, and this information is useful for detecting artefactual increases in these proteins. In some subjects with a bleeding tendency this remains the only detectable haemostatic defect.42 PF3 activity was originally described as the contribution of platelets to the activation of prothrombin by factor Xa. This test has now virtually disappeared as reduced activity measured in this way is usually secondary to well defined platelet defects. The original assay is not only dependent on the surface exposure of procoagulant phospholipids, but is also influenced by platelet aggregation and fibrinogen binding to the platelet membrane. More specific assays measuring the catalysis of factor X activation and the conversion of prothrombin into thrombin on the activated platelet surface completely independently of platelet aggregation and granule release are now available but are usually used during research.43
Platelet calcium changes
As calcium is probably the single most important mediator in platelet activation it is important to quantify changing concentrations of this ion in response to varying degrees of platelet stimulation. A method has recently become available in which free intracytosolic calcium concentrations can readily be quantified44; at present it is chiefly a research tool, but it may become more widely used.
Quin-2 is a fluorescent tetracarboxylic acid, which chelates calcium preferentially over other metal ions, 711 and on so doing, its fluorescence increases by a factor of x 5 -6. It can be induced to enter cells by esterification (a hydroxymethyl ester), and on entering the cells it is hydrolysed back to the free acid that is "trapped" inside the cell.45 When the platelets are stimulated there is a very rapid rise in free cytoplasmic calcium, which can be monitored by the rise in fluorescent signal emitted at the appropriate wavelength. This is measured in a modified fluorimeter, which keeps the platelet suspension stirred and at 37°C. Thus in response to thrombin, for example, the free calcium rises from a resting concentration of about 100 mM. The technique does not distinguish between calcium released from intracellular stores and that influxing from the surrounding medium, but it has been suggested that most is extracellular as the rise is considerably blunted if the reactions are carried out in a calcium free media. Some response does remain, however, so that undoubtedly some calcium is rapidly released from the dense tubular system and dense granules in response to cell activation.
It may be useful to assess otherwise unclassifiable platelet defects in such a system.28 With the increasing clinical use and development of calcium channel blocking drugs such as verapamil and nifedipine, investigation of calcium changes will become more important. Conclusions
We have outlined the basic understanding and interpretation of the currently available methodology for investigating patients with presumed platelet defects and a haemorrhagic syndrome. Most of these tests should be available in the larger haemostasis units; and procedures that are mainly used in research have only been briefly mentioned or excluded.
